The myocardial sleeve of the porcine and equine pulmonary veins were histologically investigated and reconstructed three dimensionally. Moreover, the localization of neuron cell bodies at the veno-atrial junction and alongside the myocardial sleeve was light microscopically visualized to depict the organization of nerve, myocardial and fat tissue. Finally, the presence of telocytes inside the equine pulmonary veins was demonstrated by use of transmission electron microscopy. These structures are thought to play a role in the induction of atrial fibrillation, which is frequently seen in horses, while pigs are often used as a cardiovascular model in this context. This data fills in remaining gaps in the literature concerning the histological build-up of the pulmonary veins wall in pigs and horses. In-depth knowledge on the myocardial sleeve and its surrounding cell types are important to understand the possible outcome of an ablation therapy as an atrial fibrillation treatment. In pigs and horses, the layout of the pulmonary veins wall concerning these structures is comparable to humans. However, neuron cell bodies were recovered at the veno-atrial junction in both species but not alongside the myocardial sleeve in horses.
Summary
The myocardial sleeve of the porcine and equine pulmonary veins were histologically investigated and reconstructed three dimensionally. Moreover, the localization of neuron cell bodies at the veno-atrial junction and alongside the myocardial sleeve was light microscopically visualized to depict the organization of nerve, myocardial and fat tissue. Finally, the presence of telocytes inside the equine pulmonary veins was demonstrated by use of transmission electron microscopy. These structures are thought to play a role in the induction of atrial fibrillation, which is frequently seen in horses, while pigs are often used as a cardiovascular model in this context. This data fills in remaining gaps in the literature concerning the histological build-up of the pulmonary veins wall in pigs and horses. In-depth knowledge on the myocardial sleeve and its surrounding cell types are important to understand the possible outcome of an ablation therapy as an atrial fibrillation treatment. In pigs and horses, the layout of the pulmonary veins wall concerning these structures is comparable to humans. However, neuron cell bodies were recovered at the veno-atrial junction in both species but not alongside the myocardial sleeve in horses.
| INTRODUCTION
In man, atrial fibrillation (AF) is the most common sustained cardiac arrhythmia with increasing prevalence at higher age and the most frequent arrhythmia in clinical practice (Haissaguerre et al., 1998 (Haissaguerre et al., , 2007 .
Moreover, it is the major cause of cardioembolic cerebrovascular accidents (Haissaguerre, 2010) . In the last decades, a lot of research has been performed on the human pulmonary veins in the context of AF as these are important spots for the induction and conduction of abnormal pulses towards the heart (Haissaguerre et al., 1998) . Specifically, myocardial tissue fanning out inside the pulmonary veins wall was indicated as the origin of ectopic electrical signals conducting towards the left atrium (Haissaguerre et al., 1998; Saito, Waki, & Becker, 2000; Roux, Havet, & Mertl, 2004) .
In the context of AF, horses and pigs are interesting animals as horses are very susceptible to develop AF and pigs are frequently used as cardiac models (van Loon et al., 2002; Young, 2003; Peng et al., 2004; De Clercq, van Loon, Tavernier, Duchateau, & Deprez, 2008; Reef et al., 2014; Bode et al., 2015; Decloedt et al., 2015) .
However, much more research has been conducted in men, compared to horses and pigs, to describe the anatomical and histological organization of the pulmonary veins. Besides the detailed description of the anatomical organization of the human pulmonary veins, several structures inside the pulmonary veins wall were researched in men.
The presence and the arrangement of the myocardial sleeve which was demonstrated partially in a 3-D reconstruction, the separation of myocardial tissue by fibrofatty tissue, the localization of telocytes and ganglia inside the pulmonary veins were pointed out in human studies concerning AF initiation (Saito et al., 2000; Ho et al., 2001; Tan et al., 2006; Gherghiceanu et al., 2008; Morel, Meyronet, Thivoet-Bejuy, & Chevalier, 2008; Vaitkevicius et al., 2008) . Telocytes are an interstitial cell type, typically with very long prolongations, which are thought to play a role in AF induction through interactions with myocardial sleeve tissue (Gherghiceanu et al., 2008; Morel et al., 2008) . Concerning the electrical coupling between the pulmonary veins and the left atrium, it was indicated that the human left atrial wall includes regions with ganglionated plexuses sending nerves towards the pulmonary veins (Armour, Murphy, Yuan, Macdonald, & Hopkins, 1997; Pauza, Skripka, Pauziene, & Stropus, 2000) .
In horses and pigs, histological data regarding pulmonary veins is limited. We already described the anatomical organization of the equine and porcine pulmonary veins (Vandecasteele et al., 2015 (Vandecasteele et al., , 2016 , but three-dimensional information was not available. AF is the most important cardiac arrhythmia in horses. Therefore, 
| MATERIALS AND METHODS

| Animals and samples
| Horse
Heart samples were obtained from 17 horses immediately after euthanasia, which was not related to this study. Tissue samples of 15 horses were used for light microscopic studies of which of 11 horse cadavers, of different breeds, one tissue sample per heart was collected of the left veno-atrial junction to investigate the myocardial sleeve. Veno-atrial tissue samples of the remaining four horses were used to detect and visualize ganglia.
One sample of 5-cm pulmonary vein tissue together with a part of the atrial wall was excised at pulmonary vein ostium IV, which drains the left cranial lung lobe and is situated on the left side of the left F I G U R E 1 Left panel: Serial transverse sections of an equine pulmonary vein wall draining into ostium I with a myocardial sleeve encircled in black. (a) 1.75 mm distal to the ostium, the myocardial sleeve is 5.2 mm wide; (b) 2.5 mm from the ostium, 3.2 mm wide; (c) 3.25 mm from the ostium, 1.7 mm wide; (d) 4 mm from the ostium, 1.14 mm wide; bars = 0.70 mm. Right panel: Longitudinal section of an equine pulmonary vein at the veno-atrial junction. Muscle fibres cut longitudinally (ml), muscle fibres cut transversally (mt). *Indian ink injected at the veno-atrial junction, HE staining, bar = 1 mm F I G U R E 2 Top side: Macroscopic overview, with the atrial side located on the right, of a longitudinal section of the equine left cranial pulmonary vein with the myocardial sleeve, draining into ostium IV. Bottom side: Microscopic detail of the box with an equine myocardial sleeve measuring 12.4 mm between the injection spot (veno-atrial junction) and the most distal point of the sleeve. 1: Indian ink, HE staining atrium, close to the left auricle (Vandecasteele et al., 2016) . This sample was used for three-dimensional reconstruction, built up from serial transverse histological sections, to visualize the myocardial sleeve.
Due to the large sample size, the sample was divided in three equal parts, one containing the ostium, and two parts containing the rest of the pulmonary vein.
Tissue samples of two horses were used for transmission electron microscopic analysis. Samples of 1 cm 2 were prelevated at the level of the veno-atrial junction to visualize the presence of telocytes.
| Pig
Both pulmonary vein ostia I and II (Vandecasteele et al., 2015 ) from a pig of 60 kg bodyweight (euthanasia not related to this study) were used for three-dimensional reconstruction and visualization of mainly the myocardial sleeve and neuron cell bodies.
| Light microscopy
Samples were fixed in 4% phosphate-buffered formaldehyde for minimum 48 hr. Before the samples were excised, Indian ink was injected into the pulmonary vein wall at the level of the veno-atrial junction.
Longitudinal and transverse tissue samples, from the veno-atrial junction to approximately 5 cm more distally, were dehydrated and embedded in paraffin by use of a Microm tissue processor STP 420D
(Prosan, Merelbeke, Belgium) and Microm embedding station EC 350-1 (Prosan, Belgium), respectively. The sections were cut transversely at 5 μm thickness and subsequently stained with HE.
| 3D reconstruction
The equine samples were fixed in 4% formaldehyde solution for 48 hours and processed routinely as described before. Sections of The sets of images were 3D reconstructed using Amira 6.1 3D software (FEI, USA). The different tissues or structures, such as myocardial sleeve, fat, neuron cell bodies and the complete wall, were identified and segmented accordingly.
The porcine samples were fixated and processed as described before but serially sectioned at 8 μm thickness. Every 50th section from the part containing the ostium was used for three-dimensional reconstruction. From the two other parts, every 10th section was used. A three-dimensional image visualizing the lumen of both ostia, the pulmonary veins wall, fat, neuron cell bodies and the myocardial sleeve was reconstructed using the Amira 6.1 3D software (FEI, USA).
| Transmission electron microscopy
The prelevated samples were fixed in Karnovsky's fixative (24 hr) and, subsequently, washed in 0.1 M sodium cacodylate buffer after which the samples were post-fixated in 1% OsO4 (1.30 hr), dehy- 
| 3D reconstruction of the myocardial sleeve
At the level of ostium IV, the myocardial sleeve demonstrated also an irregular pattern as it did not completely surround the pulmonary vein.
Distally, the sleeve fanned out around the three branches of the vein and ended "pointy shaped." In contrast to the investigated porcine pulmonary veins, no neuron cell bodies were found (Figure 4) . The most proximal blue part changes to red more distally to visualize specifically the sleeve pattern of myocardial tissue on its own (Figure 4) .
| Transmission electron microscopy
Cells, displaying the characteristic properties of telocytes defined by Popescu and Nicolescu (2013) , were also found in the wall of the pulmonary veins veno-atrial junction in the horse ( Figure 5 ). Long slender prolongations (approximately 22 μm in Figure 5a ), called telopodes, demonstrating thicker parts at a regular interval, called podoms, were observed in contact with myocardial sleeve tissue (distance between both <20 nm) ( Figure 5 ). 
| Pig
Both ostia demonstrated a myocardial sleeve which fans out irregularly ( Figures 6, 7) . The sleeve of ostium I (largest ostium) is noticeably longer compared to the sleeve of ostium II. The myocardial sleeve was mostly accompanied by fatty tissue. As such, fat tissue does not only occur at the veno-atrial junction but was also recovered alongside the pulmonary vein and even more distal than the myocardial tissue (Figures 6, 7) . The pulmonary veins draining through both ostia demonstrated neuron cell bodies irregularly spread over the full length of the myocardial sleeve except for certain zones without ganglion cells.
Some neuron cell bodies were found just distally of the myocardial sleeve, thus in the region towards the lungs. The neuron cell bodies were present in close vicinity to the myocardial sleeve or surrounded by fat tissue or even localized in a layer of connective and smooth muscle tissue ( Figure 6 ).
| DISCUSSION
This study gives a complete 3D image of the build-up of the pulmonary veins in the pig and the horse, completed with a demonstration of telocytes and the myocardial sleeve tissue in the horse. Previously, we demonstrated telocytes and cardiac tissue in the porcine pulmonary veins (Vandecasteele et al., 2015 (Vandecasteele et al., , 2017 . These data, together with the visualization of neuron cell bodies and ganglia in pigs and horses, complete the existing literature about the presence of histological structures which are thought to play a role in cardiac arrhythmias such as atrial fibrillation.
Overall, the build-up of the pulmonary veins wall and the presence of myocardial sleeve tissue and telocytes in pigs and horses is comparable with humans. However, the distribution of neuron cell bodies alongside the myocardial sleeve in horses differs from humans and pigs.
The rich innervated pulmonary veins wall and especially the presence of neuron cell bodies which may interact with cardiac muscle, was visualized in humans by Vaitkevicius et al. (2008) with whole mount histochemical staining. A close vicinity between neuron cell bodies and cardiac muscle and the fact that neuron cell bodies follow the myocardial sleeves might indicate a relation between these tissue types. Hence, several studies such as Mehall et al. (2007) demonstrated that epicardial mapping in humans allows examination and identification of ganglionic plexuses at the level of the upper half of the heart, more specifically, the highest concentration was located at the Marshall ligament area and at the superior part of the interatrial groove. Further, this study indicated that electrical isolation of these plexuses may stop AF in certain patients. Nakagawa et al. (2004) showed that co-stimulation of ganglionic plexuses and pulmonary veins may lead to AF initiation by pulmonary vein foci, but stimulation of only the pulmonary vein did not. As such, there seems to be an important interaction between the atrial autonomic nerves and the pulmonary veins in the context of arrhythmogenesis (Patterson et al., 2005) whereby autonomic nerve stimulation increases AF susceptibility. One might therefore question whether the initiation of AF in the PV is really spontaneous as stated by Haissaguerre et al. (1998) or not. An epicardial approach to electrophysiological studies and ablation of the pulmonary veins is therefore useful to assess the influence of nerve tissue and the effect of an ablation procedure (Mehall et al., 2007) . Nevertheless, in the literature, there is still much debate about the need or effect of epicardial ablation. Indeed, the highly irregular distribution of nerve tissue in the pulmonary veins wall, and the fact that a perfect circumferential lesion is still required to completely isolate the pulmonary vein, make the interpretation of the results difficult. Further research regarding ablation techniques with and without involvement of nerve tissue is needed to elucidate the contribution of the autonomic nerves to AF pathophysiology.
Also the presence of fat is important as Deneke et al. (2005) indicated that a non-ablated myocardial fibre was insulated by fat and our own study (unpublished data) proved that fat can be an insulator for both cardiac muscle and neuron cell bodies, while cardiac muscle itself facilitates heat transfer during an ablation procedure. The variability of tissue in which neuron cell bodies are present may also be a possible reason why a diversity of treatment results can be seen in different patients after ablation procedures.
Although pigs are frequently used as a model for cardiovascular research, they are unlikely to develop AF under natural circumstances. The advantage of horses as model for research is that this species is very susceptible to both natural and induced AF. In pigs, ganglia were shown along the length of the pulmonary veins which corresponds with humans. However, in horses, thick nerve bundles, parallel with the pulmonary veins, were present, but the ganglia were only found at the veno-atrial junction. The nerve bundle distribution in these samples is in accordance with pulmonary vein samples, of other horses and other ostia, which were investigated before (unpublished data) and corresponds with samples of men and pigs. As ablation is typically performed at the level of the pulmonary veins ostium, it is probably not important in the context of AF treatment whether or not ganglia are located distally from the ablation point as these structures are electrically isolated after an ablation procedure, assuming a circumferential injury is applied.
